The effect of magnetic field on variant selection in FePd has been investigated by phase field modeling. In this study, multi phase field modeling [Physica D, 94 (1996), 135] was used for calculations. Chemical free energy, interface energy and magnetic energy were incorporated in our calculation. As for magnetic energy, magnetic crystalline anisotropy energy was taken into account. Disordered FePd at 50 K below the transition temperature is selected as the initial state. Then, calculations have been performed with the presence or absence of the external magnetic field as a variable. First of all, calculations under no magnetic field showed that the volume fractions of three variants were almost equal to each other. Secondly, calculations under magnetic field of 5 T showed that the volume fraction of magnetically favorable variant was much more than other variants. Finally, the timing to apply magnetic field was intentionally changed with fixing the length of time for application, in computational experiments to examine at what stage the magnetic field is most effective. It is found that applying magnetic field from the beginning of order-disorder transition results in the slightly more volume fraction of the favorable variant, and, in turn, the less interface energy per unit volume, than others, which leads to the dominance of the favorable variant at the end after variant coarsening driven by interface energy, resulting in successful grain alignment, although applying the magnetic field at later stage shows little effect.
Introduction
Utilizing microscopic crystal properties on the macroscopic level is straightforward in concept while many issues needs to be overcome to do so in practice since materials is usually composed of multi-variants and multi-grains where the microscopic crystal properties are often canceled out and vanished. In order for the microscopic crystal properties to prevail on the macroscopic level, understanding of microstructure evolution is essentially needed.
There has been of great interest in L1 0 type ferromagnetic alloy since it is a prime candidate for the magnetic recording media due to its high magnetic crystalline anisotropy, which is one of the essential properties needed for high density magnetic storage. 1) Therefore, many studies on FePd have been conducted so far. [2] [3] [4] Among L1 0 type ferromagnetic alloys, FePt has the highest magnetic crystalline anisotropy, 5) which would increase the information density in the magnetic storage. Meanwhile, the external field required for writing data on the FePt storage media is higher, which impede the practical use of FePt for efficient recording. Then, since FePd requires smaller switching field it become the prime candidate for the material of high density magnetic storage.
FePd transforms its crystal structure from FCC to L1 0 at about 923 K when the temperature is lowered. The L1 0 FePd has a shorter c-axis than the a-axes of FCC FePd. In this transition, three variants having the shorter c-axis along one of three Cartesian axes are formed in L1 0 FePd from a single-variant single-crystal of FCC FePd. Without any external field, the formation probabilities of three variants are equal to each other, leading to a multi variant structure within a grain. This is a negative outcome for the application as the magnetic storage since the anisotropy would be canceled out when the multi variant structure forms. Many techniques to obtain the single variant structure have been reported thus far. [6] [7] [8] [9] Those studies demonstrated that the application of uniaxial external field, such as magnetic field or stress field, successfully produced the single variant FePd structure. However, the exact mechanism of the single variant formation remains unclear since it is very difficult to observe the process with high temporal and spatial resolutions. This is an impediment to optimize the process, and, in turn, the overall macroscopic property of FePd.
Phase field modeling 10) is an attractive method to monitor and examine the time evolution of microstructure of materials under any circumstance specified. Calculations of numerous kinds of materials microstructures have been reported after the first calculation by Kobayashi. 10) This method can easily incorporate the contributions of various energies from any origin and calculate their effects on microstructures.
This paper attempts to clarify the effect of external magnetic field on the formation of single variant of FePd as a first step. This is prerequisite for designing material processing to acquire desired properties of materials. Thus far, several phase field models for FePd have been reported. 11, 12) Elastic energy based on micromechanics and magnetic energy based on micromagnetics have been introduced to phase field model. In this study, we focused on the effect of magnetic crystalline anisotropy energy. Chemical free energy, interface energy, and magnetic crystalline anisotropy energy were taken into account in our model. This expression of the energy enables the calculations that intentionally exclude the effects of other energies, thereby focusing on the influence of those energy terms included, which is quite difficult to do by means of practical experiments. Conducting calculations under various conditions as computational experiments would reveal the detailed effect on the single variant formation.
Phase Field Modeling
We have adopted multi phase field model 13) to calculate the microstructures. This model enables us to calculate microstructure evolutions from the free energy of the materials (6) respectively (see appendix for details). l is the width of interface, s n-n is the interface energy between variants. The magnetic susceptibility parallel to easy axis of magnetization c // was derived as ................... (7) where C is the curie constant, T is temperature, T c is the curie temperature, N is the number of atoms per unit volume, m is the magnetic moment of an atom, k B is Boltzmann constant. 14) We assumed that the magnetic susceptibility parallel to hard axis of magnetization c ⊥ is a tenth of c // . Parameters of material's properties used in the calculations are summarized in Table 1 . Lattice constant and molar volume of FePd are needed to calculate the number of atoms per unit volume. As for the mobilities for the phase field in Eq. (1), since their values are not known, they were set as 1 m 3 /Js. This assumption only brings about a change in time scale: Relative time is still meaningful. Phase, temperature and composition were initialized as a disordered state with random noise whose value is smaller than 2.5ϫ10
Ϫ3
, i.e., 50 K below the order-disorder transition temperature and equiatomic, respectively. Then, computation has been carried out by assuming that temperature was spatially uniform and chemical composition remains at initial state. Therefore only the distribution of phases was calculated at every time steps. In our computation, calculation area is 2.0 mmϫ2.0 mm, mesh spacing is 10.0 nmϫ 10.0 nm, l is 50.0 nm and time step is 0.1 ns.
Results and Discussions
First of all, calculations were carried out under no magnetic field and evolution of phase profile and the volume fractions of variants were monitored. One of the results is shown in Fig. 1 and Fig. 2 , where y-variant happened to emerge more than other variants at 10 6 time steps. This is originated from not completely uniform initial states of the disordered phase. The average and standard deviation of the volume fractions at 999 900 step of ten calculations with statistically different initial states are shown in Table 2 . It is confirmed that these variations are within statistical error.
Secondly, time dependence of volume fractions of variants and spatial phase profile were calculated under magnetic field of 5 T in x-direction. One of the results is shown in Fig. 3 and Fig. 4 . At this magnetic field, magnetic crystalline anisotropy energy is as small as about 0.028 % of the latent heat of order-disorder transition. The x-variant of which easy axis of magnetization is parallel to external magnetic field formed much more than other variants, sug- 
gesting that the magnetic crystalline anisotropy energy has large enough effect for variant selection as it is expected. To reveal in more detail about the effectiveness of the magnetic field, extra calculations under magnetic field of 5 T for only 1 000 steps at various stages were carried out. Selected results are shown in Fig. 5 . In the case of Fig. 5(a) , magnetic field was applied at from 0 to 1 000 time step and no magnetic field is applied at from 1 000 to 10 6 time steps. Although the volume fraction of favorable variant was smaller than Fig. 3 , it was much larger than statistical error. The average and standard deviation of the volume fractions at 999 900 step of ten calculations are shown in Table 3 . It is confirmed from ten sets of calculations to achieve higher statistical accuracy that the volume fraction of favorable variant is larger than statistical error. Focusing on Figs. 5(b) and 5(c), it is found that the volume fraction of magnetically favorable variant is much smaller than in Fig. 5(a) , smaller than the statistical error. Thus, for variant selection, it is much more effective to apply magnetic field at the initial stage of microstructure evolution than latter stages: Application of magnetic field only at latter stage exhibit little effect which is surpassed by variant coarsening driven by interface energy.
For better understanding these phenomena, we focused In this condition, since the free energy of variant is equal to each other, all variants are almost evenly formed. It is found that the variant coarsening occurs in latter part of the calculation.
on the volume fraction at the time step when ordering is completed since Fig. 5(a) is done under exactly the same condition of calculation as Fig. 1 after 1 000 steps from the beginning. The magnified profile of volume fraction of variants is compared in Fig. 6 . It is found that the volume fraction of the x-variant which dominates at the end of calculation has already been larger than the ones of other variants just at the end of the order-disorder transition. Since the free energy in this study includes the only three kinds of energy, i.e., chemical free energy, interface energy and magnetic crystalline anisotropy energy, interface energy is the only energy that affects the variant selection after completion of ordering when magnetic field has removed. It is expected that the variant that has smaller interface energy per unit volume evolves more than other variants at the later stages. As exemplified in Figs. 5(b) and 5(c), magnetic energy is not effective at later stages once variant coarsening governs overall microstructural evolution. Therefore, the small difference in the volume fraction of x-variant at the end of order-disorder transition shown in Fig. 6(b) would determine overall dominance of a variant at the end. This indicates that, for variant selection, magnetic field is needed only at the early stage just to decrease interface energy per unit volume of the favorable variant relative to other variants by increasing its volume fraction slightly When magnetic field of 5 T parallel to x-axis was applied for 1 000 steps from the beginning and no magnetic field was applied after 1 000 step, the x-variant, which is magnetically favorable, was formed more than other variants. This difference is more larger than statistical error. (b) When magnetic field of 5 T parallel to x-axis was applied for 1 000 steps from 1 000 step and no magnetic field was applied other time steps, the x-variant was formed more than other variants. But this difference is smaller than statistical error. (c) When magnetic field of 5 T parallel to xaxis was applied for 1 000 steps from 10 000 step and no magnetic field was applied other time steps, Three variants are formed almost evenly. 
Conclusions
The calculation of variants evolution in FePd during and after order-disorder transition has been conducted by phase field model with the presence or absence of external magnetic field as a variable. Under no magnetic field, three variants formed almost evenly. Under magnetic field of 5 T, the variant of which easy axis of magnetization is parallel to external magnetic field prevailed in good agreements with experiments. Then, extra computational experiments under magnetic field of 5 T for only 1 000 steps at various stages of the evolution were carried out. It is found that the magnetically favorable variant dominates at the end after exhibiting slightly more volume fraction at the end of orderdisorder transition only when external magnetic field is applied at the early stage, while application of the magnetic field at later stage shows little effect surpassed by variant coarsening driven by interface energy. It is concluded that it is quite effective to apply magnetic field at the early stage for variant selection and its application at later stage has little influence on resultant microstructure. 
Interface Energy
Interface energy can be obtained by integrating interface energy defined in this study. Therefore s n-n is expressed as 
